Introduction and Effect on Cardiac Muscle
In considering the mechanism of action of a drug that has a direct effect on the myocardium, a number of sites must be considered as potential candidates. The highly schematic diagram of the cell pictured in Figure 1 indicates the complexity of the cardiac muscle cell with respect to potential receptor sites. With each excitation event, a small amount of calcium, presumably associated with phase 2 of the transmembrane action potential, enters the cell. It is generally accepted that a pool of extracellular calcium is necessary for effective contraction. In addition, the excitation event may labilize a larger internal store of calcium which reaches the contractile proteins and interacts with a component of troponin called T n -C This interaction produces conformational changes which, in turn, cause changes in a second protein, tropomyosin, and result in exposure of myosin-binding sites on actin leading to contraction. Relaxation involves an activation of the sarco-plasmic reticular system which results in a sequestration of calcium from troponin. It is thought that, eventually, calcium is extruded from the cell against a concentration gradient, although the precise mechanism for this is not clear. It is apparent that within 200-500 msec, the approximate time required for a cycle of excitation, contraction, relaxation, and recovery, a complex cellular control system for calcium must be so regulated that at the desired time calcium resides on troponin and at another time on or in the sarcoplasmic reticulum. The energy for both contraction and relaxation is generated in the form of ATP by enzymatic processes carried out in mitochondria.
The classic experiments by Gold and Cattell* established that digitalis has a direct effect on the myocardium and produces a positive inotropic action. Many investigators have shown clearly that therapeutic concentrations of cardiac glycosides produce an augmentation of calcium entry in beating hearts or preparations of cardiac muscle and that this influx somehow is associated with the positive inotropic action. 2 '* It seems appropriate, therefore, to investigate the various "sinks" that modulate available cellular calcium; these include the cell membrane, sarcoplasmic reticulum, mitochondria, and the contractile proteins. The evidence is compelling that mitochondria and the contractile proteins, as well as reactions taking place in the cytosol, probably are not involved as primary sites of digitalis action." It is appropriate to examine the possibility that the sarcoplasmic reticulum or the cell membrane, or both, are likely receptor sites. It is attractive to suggest that the receptor for digitalis may be the Na + ,K + -ATPase because experiments have provided a considerable amount of evidence, albeit indirect, to implicate this system. The reader is cautioned, however, to make no final judgment, because most of the results that will be described were obtained from studies on isolated systems which by definition had been removed from the complex internal environment of the cardiac cell and hence may not provide an adequate physiological milieu to respond to pharmacological stimuli.
Effects on Na + ,K + -Transport and Na + ,K+-ATPase
What is the evidence that the Na + ,K + -ATPase is a possible receptor for cardiac glycosides? Schatzmann 7 in 1953 first described the presence of an enzymatic system in the red cell membrane which was responsible for the active transport of potassium and sodium and which appeared to be specifically inhibited by cardiac glycosides. Skou' in 1957 isolated a Na + , K + -ATPase enzyme system from a membrane fraction of crab nerve; he suggested that this fraction might be the chemical apparatus responsible for sodium and potassium transport. Skou* subsequently showed that g-
FIGURE 1 Diagrammatic representation of a cardiac muscle cell. Upper insef proteins involved in repression and derepression of cross-bridge formation. Lower inset: two proposed ionic systems in the cell membrane, Na + JC*-ATPase (pump) and sodium I calcium exchange diffusion carrier (EDC). SR -sarcoplasmic reticulum.
strophanthin (ouabain) specifically inhibited the sodiumand potassium-stimulated portions of the enzyme in a manner analogous to that reported earlier for the intact red cell system by Schatzmann. 7 The following series of reactions represent a current hypothesis (although this reaction sequence is undergoing revision) for the mechanism by which the Na + ,K + -ATPase transports sodium and potassium:
Na, E, + Mg-ATP ^± (E,P) -Na + ADP (1) (E,P) -Na ^± (E 2 P) + Nao + (2) H,O + (E,P) P,
where E, and E 2 represent different states of the enzyme; P, is inorganic phosphate, and Na,, K,, Na,,, K,, are intracellular and extracellular sodium and potassium, respectively. If one portion of the reaction sequence occurs on the inside surface of the membrane, namely, reaction 1, and another portion, represented by reactions 3 and 4, occurs on the outside surface, a "carrier" type system would result which would function as a transporter for sodium and potassium. Extensive investigations have provided data consistent with an allosteric-type enzymatic system; i.e., the Na + ,K + -ATPase consists of multiple sites to which the ligands (e.g., magnesium, ATP, sodium, potassium, calcium and ouabain) bind and produce specific conformational changes that, in turn, lead to changes in activity of the pump. 10 -"
Influence of Calcium on Na + ,K+-ATPase
Calcium is of particular interest since only low concentrations are needed to produce an inhibition of enzyme activity, but this inhibition occurs only in the presence of sodium and potassium. Skou"-• was the first to show that calcium inhibited the Na + ,K + -ATPase preparation from crab nerve; JSrnefelt" confirmed these observations and reported, further, that calcium inhibition was not observed in the absence of sodium and potassium; in the presence of sodium and potassium small concentrations GiM) of calcium were inhibi-tory, with a half-maximal inhibition at about 0.5 mM calcium. It appears, therefore, that the part of the ATPase enzyme system that is specifically inhibited by low concentrations of calcium is dependent on sodium and potassium. A number of investigators have documented the calcium inhibition of the Na + ,K + -ATPase.J°-" Schbn et al." in 1972 reported that very low concentrations of calcium could stimulate ouabain binding to a heart Na + ,K + -ATPase, incubated under certain conditions. Schatzmann and Rossi 14 studied a calcium, magnesium-activated membrane ATPase in human red cells that was insensitive to ouabain, but probably was related to cation transport. These workers speculated that calcium or calcium-ATP reacts at .sites on the internal surface of the cell membrane, and in some ways "disrupts" or competes with the combined action of sodium and potassium." SchOn et al. 13 suggested also that low concentrations of calcium may activate Na + ,K. + -ATPase even in the presence of low concentrations of sodium. All of these studies suggest that calcium interacts with the enzyme in some way. However, a specific binding had not been demonstrated, chiefly because of the impurity of the enzyme systems used.
Mechanism of Inhibition of Na + ,K + -ATPase by Digitalis Glycosides
The mechanism of inhibition of the Na + ,K + -ATPase by cardiac glycosides is interesting and has attracted the attention of a number of investigators, not only because it represents an interesting tool to dissect the mechanism of the sodium pump, but because it may yield information on pharmacological action. Digitalis inhibits the Na + ,K + -ATPase by first binding to a specific site or region, or both, and this interaction produces a conformational change that leads to an inhibition of enzyme activity. Matsui and Schwartz 15 found that labeled cardiac glycosides bind to the Na + ,K + -ATPase in a saturable manner and the interaction of digitalis with the enzyme is modulated by sodium and potassium, with the former increasing and the latter decreasing the rate of interaction (Fig. 2 ). The binding is of a very tight or "pseudoirreversible" type. Lindenmayer and Schwartz 17 showed that sodium increases and potassium decreases the rate constants for ouabain binding (Fig. 3 ). These modulating effects of sodium and potassium are also reflected on the degree of inhibition of ATPase activity produced by cardiac glycosides (Fig. 4 ). Furthermore, in the presence of magnesium and inorganic phosphate, and in the absence of ATP, ouabain can also bind to the Na + ,K + -ATPase; this ouabain-treated enzyme was able to incorporate inorganic phosphate into a phosphoenzyme (E-P) which was indistinguishable from the E-P produced by reacting the enzyme with "P-ATP. 1 0 From a variety of studies, it is clear that digitalis interacts with a site located on the external surface of the membrane.*"* This site could be associated with the potassium-sensitive region. 1 ' It appears, therefore, that the isolated enzyme system behaves in many ways like the intact system.. 10 
-"
To study in detail the kinetics of the enzyme as well as the possible role of digitalis and calcium, it is important to use a purified enzyme. A number of investigators have succeeded in purifying the enzyme from the outer medulla of canine shows the effect ofNa* on specific 'H-digoxin binding supported by adenosine triphosphate, and ions. The cations, except when otherwise indicated, were employed in a concentration of 5 mM; the Tris salt of the A TP, in a concentration of 2 mM. The conditions were the same as above, with specific activity of the cardiac enzyme varying between 26 and 40. The results were compiled from many experiments. (Reproduced from Schwartz el a/.," with permission.) and rabbit kidney, from the rectal gland of the dogfish, and from pig brain;'"-" 2 " all represent regions of very high sodium pump activity. Pitts and Schwarz 2 ' have been successful in partially purifying cardiac Na + ,K + -ATPase; their method yields a preparation with a specific activity of up to 400 jjmol of inorganic phosphate per mg of protein per hour. This represents at least a 10-fold increase in specific activity in comparison to previous cardiac preparations. I0 -' '
Chemistry of N a \ K -A T P a s e
The purified enzyme system consists of two protein components, one involved in phosphorylation and possibly digitalis binding^0 " and the other, a glycoprotein, the function of which is not known. In addition, phospholipids are required for enzymatic activity.
Antibodies to NA + ,K + -ATPase Antibodies to Na + ,K + -ATPase preparations have been isolated and reported on by Glynn, Jjfrgensen, Skou and colleagues; by Askari, Smith, Wikman-Coffelt and others (cited in References 10 and 11). If the Na+,K + -ATPase is a conformation-type enzyme, then it should be possible to prepare antibodies to specific sites or conformations.
Recently, in collaboration with Butler we prepared an immunoglobulin fraction by injecting a purified, high activity Na + ,K + -ATPase into rabbits. This fraction then was further purified by reacting it with the purified antigen, Na f ,K + -ATPase. Then two components of the antibody to the holoenzyme were isolated by reacting the purified Na + ,K + -ATPase antibody with a ouabain-treated enzyme. The rationale is: if the holoantibody consists of a "family" of antibodies or components, one of which is specific for a ouabain-binding site, this antibody could be isolated by reacting the holoantibody with an antigen whose ouabainbinding sites were completely blocked by pretreating a purified Na + ,K + -ATPase with an excess of unlabeled ouabain. The fraction of the antibody that did not react with the ouabain-enzyme was recovered and was found to specifically inhibit digitalis binding but not enzyme activity. The fraction that did bind to the ouabain-enzyme did not affect digitalis action but. did inhibit enzyme activity. 2 ' The data are consistent with the postulate that the Na + ,K + -ATPase possesses a specific digitalis-reacting site, as well as other sites which are associated with enzyme activity.
Digitalis, Calcium, and Na + ,K + -ATPase The characteristics of digitalis binding, which have been discussed briefly, seem to be consistent with the pharmaco- 
FIGURE 4 Relationship between concentrations of ouabain which cause half maximal inhibition of the Na* JC*-A TPase (K t ) and the ratio of Na + /K + . The values for K, obtained are plotted against Na* /K + ratios on a logarithmic scale. The symbols, O and A, represent different enzyme preparations. (Reproduced from Schwartz et al.," with permission.)
logical importance of this enzymatic system. It is well known clinically, e.g., that potassium antagonizes the activity of digitalis and sodium augments the action. On an enzymatic level, this also seems to be the case ( Figs. 3 and  4 ). Furthermore, calcium and digitalis are synergists and, as indicated above, calcium does inhibit the Na + ,K + -ATPase and also alters the response of the enzyme to potassium. It is logical to expect that calcium does act in a manner similar to digitalis on the heart. Numerous studies have shown that relatively low concentrations of digitalis preparations alter calcium flux in intact tissues. The possible relationship between sodium and calcium, as affected by the cardiac Na + ,K f -ATPase, was described first by Repke/ 3 He stated that "the sodium/calcium antagonism possibly regulates the activity of the Na + ,K + -ATPase in excitable tissue." Thus, Repke corroborated the original concept first put forth by Wilbrandt,' 4 who wrote that "digitalis increases calcium indirectly by inhibition of sodium-potassium transport" and concluded that the digitalis effect is due directly to inhibition of the Na + ,K + -ATPase. With the availability of purified preparations of Na',K + -ATPase, it is possible to show calcium interaction with the enzyme system. Preliminary investigations by Gervais et al." recently generated some evidence in this regard. Using a purified enzyme, binding sites for calcium were shown to be associated with the phospholipid component of the enzyme. Ouabain produced a change in the affinity for calcium and the effect was modulated by sodium and potassium.
To date there is no evidence that other organelle systems that demonstrate ATPase activity are affected by ouabain. Thus, ouabain can interact with the Na + ,K + -ATPase, producing a change of some type and causing specific alterations in the affinity of a calcium-binding process. This phenomenon may be due to a specific structural change in the enzyme; cardiac glycosides may increase intracellular calcium by interaction with this enzyme system. It is apparent from these studies that the Na + ,K + -ATPase possesses sites that interact with sodium, with potassium, and with calcium, and that cardiac glycosides produce alterations in the membrane structure associated with enzyme activity that lead to changes in affinity for calcium. It is attractive to speculate that alterations in protein structure may be in some way "transmitted" to phospholipids that are associated with the enzyme system. These observations are consistent with the possibility that the Na * ,K + -ATPase membrane system is an important digitalis receptor in that it contains the requisite sites involved in control of contractility ( Fig. 5 ).
Correlation of Inhibition of Na + ,K f -ATPase and Positive Inotropy
Some studies conducted in vivo also have provided results consistent with the original suggestion made by Repke" that Na*,K + -ATPase is the pharmacological receptor for digitalis. In 1969, Akera et al.,'" using dogs, infused ouabain and found that the increase in heart rate and blood pressure accompanied by electrocardiographic ECG) changes were related to in vivo I» o (the amount of drug producing halfmaximal inhibition) for ouabain on cardiac Na + ,K + -ATPase from dog, sheep, and guinea pig. When they added potassium during the infusion of ouabain, arrhythmias were prevented but the potassium failed to influence either the positive inotropic effect or the inhibition of the Na + ,K + -ATPase. The investigators concluded that the cardiac Na + ,K + -ATPase activity is specifically inhibited during the positive inotropic response to ouabain. Bcsch et al. 17 found that at the peak of the inotropic action produced by the infusion of ouabain in a concentration of 1 ^M into a modified Langendorff preparation of dog heart the Na + , K + -ATPase was inhibited. Neither the sarcoplasmic reticulum nor the mitochondria were affected, at least as determined by assaying several in vitro parameters. The experiments subsequently were confirmed by Akera et al. 28 A variety of other studies reported by Brody and his colleagues, Schwartz and his co-workers, Kuschinsky and BEFORE DtOTAIJS AFTER DtGITALIS
FIFURE 5 A possible mechanism of action for digitalis on the cell membrane Na* Ji*-ATPase enzyme system. Digitalis binds to the Na*J(*-ATPase, causing a specific conformational change in the prolein(s). This alters affinity of calcium for lip ids associated with the Na*JC + -ATPase. It is possible that pump inhibition, which occurs as a result of the digitalis-induced conformational change, leads to an increased concentration of sodium at an internal site and this, in turn, alters the affinity of a phospholipid component for calcium.
others, Prindle et al., and Goldman et al. (cited in Reference 10) suggest a very close correlation between species reactivity to cardiac glycosides, binding of labeled cardiac glycosides to membrane fractions rich in Na + ,K + -ATPase, and in vivo inotropic responses. Recently Schwartz et al. 1 ' used a species that is highly sensitive to digitalis, the cat. Hearts were removed and perfused via the aorta and ouabain was administered until a positive inotropic effect was observed. The enzyme was isolated from the hearts and found to be significantly inhibited. When the drug was washed out, contractility returned to normal and the enzyme activity also was at the control level ( Fig. 6 ).
Lack of Correlation of Inhibition of Na + ,K + -ATPase and Positive Inotropy
These positive findings are balanced by a number of interesting experiments that are inconsistent with the role of the Na + , K + -ATPase in positive inotropy. Okita et al. 3 " used a rabbit heart Langendorff preparation and infused various cardiac glycosides including ouabain. At the time of inotropy, hearts were removed and processed for Na%K + -ATPase. The enzyme was inhibited when a positive inotropic effect was produced; however, when the drug was washed out and contractility returned to normal, the activity of the isolated Na + ,K f -ATPase remained inhibited compared to control levels. Okita and his colleagues conclude that the enzyme system itself is not the pharmacological receptor and suggest that a membrane system involving calcium sites not directly associated with the Na + ,K + -ATPase may be involved. They further claim that the well known arrhythmogenic action of digitalis can be ascribed to an inhibitory action on the Na + ,K + -ATPase. receptor for digitalis. Murthy et a l . " showed that ouabain reversibly potentiated acetylcholine-induced contractions of rabbit myometrium, while 'H-ouabain binding to a cell membrane fraction was not readily reversed in 10 minutes. They were unable to show any inhibitory action of glycosides on sodium "pumping" from sodium-loaded myometrium during a 10-minute exposure, the length of time during which the glycosides potentiated the acetylcholine-induced contraction.
FIGURE 6 Effects on Na + J(*-A TPase of ouabain perfused via the aorta into isolated Langendorff cat heart preparations. At the peak of the positive inotropic effect, the hearts were removed from the apparatus and processed for Na + JC+-A TPase. In some experiments ouabain was washed out and ouabain was added again. The results of two experiments at low concentration (5 x 10~' M) of ouabain are shown al far right. Numbers in parentheses represent number of experiments. Enzyme activity was determined by monitoring a continuous reaction at 37"C by the spectrophotometric-linked lactate dehydrogenase-pyruvate kinase system. Each cuvette contained {final concentration) 100 mm

Speculation on Molecular Changes that Accompany Digitalis Glycoside Effect on Na,K+-ATPase
If the interaction of digitalis with the Na + ,K + -ATPase leads to a positive inotropic action, what molecular changes must antecede the change in contraction? There are several possibilities.
1. The Na + ,K f -ATPase enzyme system binds digitalis glycosides and then becomes altered in such a way that inhibition of sodium pumping occurs. An increase in intracellular sodium, perhaps near the inner surface of the membrane, leads to an augmented influx of calcium or to an inhibition of calcium binding to the inner surface of the membrane. Baker, 33 in a series of published studies, described a linked sodium-calcium exchange process in a fairly well defined squid axon preparation. He showed that increasing intracellular sodium resulted in an increased calcium influx and a decreased calcium efflux. Baker suggested that the action of cardiac glycosides is due to an inhibition of Na*,K + -ATPase which results in an increase in internal sodium (Na,); this increase in Na,, in turn, causes an increase in calcium influx and a decrease in calcium efflux. He, in fact, stated that " . . . ouabain seems to have no direct effect on calcium movement." His concept has been expanded by Langer,* 4 who used a perfused intraventricular rabbit septum for which " C a washout from various kinetically estimated compartments can be described, concomitantly with measurement of changes in contractility. Langer concluded that there is a compartment, associated with a superficial layer and possibly containing negatively charged ionic sites, that is directly involved in providing "activator or trigger calcium." Reuter," using voltage clamp techniques on cardiac tissue, has amplified the exchange diffusion carrier concept. He states: " . . . If the only effect of cardiac glycosides is the sodium, potassium, magnesium activated ATPase (sodium pump) then the cell should gain some sodium. If the sodium gain is small with nontoxic concentrations of the glycosides, e.g., if internal sodium is increased from 10 mM to 15 mM, according to the distribution ratio for sodium and calcium, it would cause more than a two-fold increase in intracellular calcium concentration." 2. It is possible that cardiac glycosides interact with Na + ,-K T -ATPase in such a way that the affinity of sites on the internal surface of the membranes for calcium is augmented. These sites may be the sodium activation sites of the enzyme since these sites have an affinity for calcium. If this is true, then the excitation event, followed by sodium influx, may displace membrane-bound calcium so that this pool contributes to the rise in intracellular free calcium available for contraction ( Fig. 5 ).
3. Digitalis may interact with Na + ,K + -ATPase in such a way as to increase a calcium influx-potassium efflux exchange reaction. Cardiac glycosides may react with and stabilize a form of the pump with a high affinity for potassium. It has been suggested that a component of potassium flux in the glycoside-treated red cell preparation may, in fact, occur through the pump." There is evidence that calcium and potassium may have some relationship to the potassium activation sites. Calcium can reduce the amount of potassium required to activate Na*,K f -ATPase; it has been suggested that calcium may act as a substitute for potassium at one of the potassium activation sites. It is possible, therefore, that potassium and calcium fluxes take place through the glycoside-inhibited pump. If this is the case, then the direction of the chemical gradient favors calcium influx which is coupled to potassium efflux/" Morad and Greenspan 36 proposed a site of action for digitalis that involves such a carrier-mediated calciumpotassium exchange mechanism. It is likely that the initial site of pharmacological action of digitalis is at the cell membrane or at the cell surface. There appears to be considerable evidence implicating the Na + ,-K '-ATPase enzyme system as at least part of the receptor mechanism. The data supporting this concept are derived primarily from experiments in vitro using partially purified and fragmented membrane preparations. Hence, they are not definitive. The ability to prepare highly active enzymatic preparations, and also the eventual possibility of complete purification of the heart Na ',K + -ATPase, should encourage further studies which ultimately will confirm or deny the importance of Na' ,K ' -ATPase in relation to the pharmacological action of digitalis.
